lines (Soppe et al. 2000) . Interestingly, the ddm1-induced transcriptional FWA activation and late-flowering phenotypes are heritable over multiple generations, which allowed the identification of FWA locus by the linkage analysis (Kakutani 1997; A. Miura and T. Kakutani, unpubl.) . A similar phenotype is also induced by a loss of function in the CG methyltransferase gene MET1, indicating that DNA methylation is critical for the silencing of the FWA gene (Ronemus et al. 1996; Kankel et al. 2003) .
Although the FWA transcript is undetectable in wildtype adult tissues, further characterization of the FWA transcription during earlier developmental stages revealed that even in wild-type plants the FWA transcript accumulates in endosperm, a tissue supporting embryo growth in the seed (Fig. 2a) (Kinoshita et al. 2004) . In addition, FWA transcription in the endosperm is imprinted; only the maternal-origin transcript was detected (Fig. 2b ) (Kinoshita et al. 2004) . The silencing of FWA in embryonic tissues and silencing of paternal-origin copy depend on the MET1 gene function (Kinoshita et al 2004) . Thus CG methylation is necessary for maintenance of FWA imprinting, as is the case in many of imprinted mammalian genes (Li et al 1993) . Unlike mammals, however, the maternal-specific FWA expression was not established by paternal-specific de novo methylation; it is established by maternal-specific activation in the central cell of female gametophyte, which depends on the DNA glycosylase gene, DEMETER (Choi et al. 2002; Kinoshita et al. 2004) . Thus the silent methylated state is the default for this class of imprinted genes. Resilencing of the activated FWA gene is not necessary, because endosperm does not contribute to the next generation. When methylation is lost in the embryonic lineage (e.g., by ddm1 or met1 mutation), the fwa epigenetic mutation and the associated late-flowering phenotype can be stably inherited over multiple generations.
OTHER EPIGENETIC ALLELES:
bal, sup-LIKE, AND ag-LIKE Another ddm1-induced developmental abnormality, bal, maps to a locus with clustered disease resistance genes; and it is also associated with overexpression of sequences within this region (Stokes et al. 2002) . Like fwa, this phenotype is stably inherited over multiple generations even after introduction into wild-type DDM1 background (Stokes et al. 2002) . Details of the inheritance of bal phenotype are described in another chapter (Yi et al., this volume) .
Both bal and fwa phenotypes are due to overexpression induced by the loss of DNA methylation. On the other hand, some of the ddm1-induced phenotypes are due to transcriptional suppression. Floral pattern phenotypes similar to those of superman (sup) or agamous (ag) mutants have been induced in ddm1 or met1 mutant background. Each of the phenotypes is associated with transcriptional suppression and hypermethylation of the SUP or AG gene . Interestingly, a global decrease in DNA methylation level in these mutants is associated with local hypermethylation in SUP and AG locus. Although the mechanism is unknown, a similar phenomenon is seen in cancer cells; they can simultaneously show genome-wide hypomethylation and hypermethylation of specific genes .
OTHER ddm1-INDUCED DEVELOPMENTAL ABNORMALITIES
Other types of abnormalities in flower pattern formation have been found in the self-pollinated ddm1 lines, such as decrease in sepal number, thin sepals, and homeotic transformation of ovules into other flower organs (Fig. 1b,c) (Kakutani et al 1996) . Upward curling of leaves was also induced in several independent ddm1 lines ( Fig. 1d ). This phenotype was inherited as a dominant trait over generations in the presence of wild-type DDM1 gene (T. Kakutani, unpubl.) . Altered phyllotaxy, clustered siliques, and dwarfism were also found in multiple independent ddm1 lines (Fig. 1e ). This combination of phenotypes, which was named bonsai (Kakutani 1997) , was inherited as an unstable recessive trait, and it was genetically mapped to the bottom arm of chromosome 1 (T. Kakutani, unpubl.) . Target loci for these abnormalities have not been identified yet at the molecular level.
On the other hand, the characterization of another example of heritable ddm1-induced abnormality, clam, lead us to identify a transposon-induced genome rearrangement in DNA hypomethylation backgrounds, as will be described in the next section.
MOBILIZATION OF CACTA TRANSPOSONS BY DNA HYPOMETHYLATION MUTATIONS
The ddm1-induced clam phenotype was unstable; phenotypically normal sectors were occasionally observed (Fig. 3) . Through genetic characterization of the clam phenotype, we identified an endogenous Arabidopsis transposon, named CACTA1. The CACTA1 has features ferase genes, MET1 (maintenance CG methylase) and CMT3 (non-CG methylase). High-frequency transposition of CACTA elements was detected in cmt3-met1 double mutants. However, single mutants in either met1 or cmt3 were much less effective in the mobilization (Table 1) (Kato et al. 2003) . Transposition was not detected by Southern analysis in either single mutant segregating from the respective heterozygotes. This observation was confirmed by a polymerase chain reaction (PCR)-based method, in which the original CACTA1 locus with somatic excision less than 1/100 was detectable (Fig. 4) .
Interestingly, low frequency of transposition was detected in cmt3 single mutant homozygotes segregating from self-pollinated progeny of MET1/met1 CMT3/cmt3 double heterozygotes (Table 1) (Kato et al. 2003) . This correlates with the accumulation of CACTA1 transcript in typical of the CACTA family DNA-type transposons found in many plant species; the 5´ and 3´ ends of which have the conserved terminal inverted sequence CACTA-CAA. The clam phenotype was due to insertion of a CACTA transposon into DWF4, a gene involved in regulation of plant growth. The phenotypic reversion of clam was associated with excision of the transposon. CACTA1 is silent in wild-type Columbia (Col) strain, but transposes and increases in the copy number in a ddm1 DNA hypomethylation background (Miura et al. 2001) .
The CACTA family transposons are found in many plant species. The CACTA member identified first and studied most extensively is the maize Suppressor-mutator (Spm)/Enhancer (Spm) transposons (for review, see Fedoroff 1996) . McClintock found in the 1950s that the activity of Spm transposon changes heritably and reversibly (McClintock 1958) . Subsequent molecular characterization of the Spm revealed that changes in transposon activity correlate with epigenetic changes in DNA methylation of element sequences (Fedoroff 1996) .
Indeed, loss of DNA methylation seems to be sufficient for mobilization of the Arabidopsis CACTA1, because this element was mobilized in mutants of DNA methyltrans- Figure S3 of Kato et al. 2003 (©Elsevier) . Products from primers 1 and 3 and primers 1 and 2 will be amplified from template genomic DNA with or without the excision of CACTA1 from this locus, respectively. (b) Sensitivity of this system. The 4.0-kb product was amplified more efficiently than the 7.6-kb product. (c) Excision of CACTA1 detected in ddm1, met1, cmt3, or met1-cmt3 mutants segregating in self-pollinated progeny of heterozygotes. Each of the genotypes is compared to wild-type homozygotes in the corresponding segregating families. The primer sequences and PCR conditions will be provided on request. these plants, which was undetectable in cmt3 single mutants segregating in the progeny of CMT3/cmt3 single heterozygotes (not shown). The met1 mutation, even in heterozygous state, seems to affect the CACTA1 transcription of the progeny. That may be because met1 mutations heritably activate transcription of silent sequences during the haploid gametophyte generation (Kankel et al. 2003; Saze et al. 2003) The mobilization of CACTA elements may be mediated by changes in chromatin structure, because histone modifications are also affected by the DNA methyltransferase mutants Soppe et al. 2002; Lippman et al. 2003) . Although downstream mechanisms remain to be clarified, our results suggest that CG and non-CG methylation systems redundantly function as heritable epigenetic tags for immobilization of CACTA transposons.
FACTORS DETERMINING TRANSPOSON DISTRIBUTION WITHIN GENOME: INTEGRATION SPECIFICITY VERSUS NATURAL SELECTION
Transposons are not distributed randomly within genomes. Transposon-related sequences are often enriched in centromeric and pericentromeric regions in many organisms including Arabidopsis (Arabidopsis Genome Initiative 2000). The clustering of the transposons in these heterochromatic regions can be due to preferential integration of transposons into these regions (Boeke and Devine 1998) or can be caused by purifying selection against transposon insertion into gene-rich chromosomal arm regions in natural populations. To evaluate the possible contribution of natural selection, we examined the distribution of the CACTA transposons in genomes of 19 natural Arabidopsis variants (ecotypes) in comparison to new integration sites induced in the laboratory.
Sequences similar to mobile CACTA1 are distributed among the ecotypes and show a strikingly high polymorphism in genomic localization ). This suggests that CACTA1 has transposed in the recent past in natural populations. Despite the high polymorphism, the copy number of CACTA1 was low in all the examined ecotypes ). In addition, they are localized preferentially in pericentromeric and transposonrich regions. This contrasts to transposition induced in laboratory in the ddm1 mutant background, in which the integration sites are less biased and the copy number frequently increases (Miura et al. 2001 ). The differences in the distribution of integration sites could be due to loss of the heterochromatin marks in the ddm1 mutants, because this mutation affects DNA and histone modification in the heterochromatic regions (Gendrel et al. 2002; Johnson et al. 2002; Soppe et al. 2002) . However, when the CACTA1 element mobilized by ddm1 mutation was introduced into a DDM1 wild-type background, new integration events still were not targeted to the pericentromeric heterochromatin regions .
Because each of the transposition events does not seem to be biased toward pericentromeric heterochromatin, other factor(s) should be responsible for the accumulation of CACTA1 elements in these regions. One possible mechanism is that if transposon excision frequency from these heterochromatic regions is low, net accumulation of the "cut-and-paste"-type of transposons in these regions would result. This possibility can be tested experimentally.
Another possible factor is natural selection against deleterious insertion into chromosomal arm regions. This mechanism is consistent with our observation that the copy number of CACTA1 is low in all the examined ecotypes . If natural selection against deleterious insertions is a significant factor determining transposon distribution, the next question is how the selection operates. An obvious mechanism is that transposon insertions into gene-rich regions sometimes reduce host fitness by direct gene disruption. Other unknown selection mechanisms might also be working, as transposon insertion sometimes have phenotypic effects much stronger than loss of the entire chromosomal region around the insertion site (McClintock 1956 ).
PERSPECTIVES
Here we reported that loss of DNA methylation in Arabidopsis induces developmental abnormalities through both transposon mobilization and perturbation of transcription. The change in transcription and associated developmental variation was often heritable over multiple generations. Such an inheritance of differential epigenetic state is an enigmatic phenomenon found often in plants (Jacobsen and Meyerowitz 1997; Cubas et al. 1999; Kakutani et al. 1999; Soppe et al. 2000 Soppe et al. , 2002 Stokes et al. 2002) . Similar inheritance of epigenetic variations has also been reported for some alleles of mammalian genes (Whitelaw and Martin 2001; Rakyan et al. 2003) . Interestingly, the affected mammalian alleles often have transposon insertions compared to the wild-type allele. Inheritance of epigenetic silencing may be used, at least for some sequences, for transgenerational genome defense against deleterious genome rearrangement induced by transposon movement. For the genome defense by DNA methylation (Yoder et al. 1997; Matzke et al. 1999) , the heritable property might be advantageous, because the silencing is maintained at every stage of development, including early development before the de novo silencing is established .
Components controlling epigenetic states are being clarified in Arabidopsis. In addition, a variety of inbred accessions from natural populations are available, as well as genetic and genomic tools to exploit these resources. Arabidopsis will provide a good system to understand control of transposons, not only of their transcription, but also of their effects on genome integrity and chromosomal evolution.
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